vacuole and the cytosol of 4 -5.5 pH units is sufficient to drive the transport of over 325 mM citrate found in the vacuoles of highly acidic varieties, such as lemon and acid lime (Brune et al. 1998) . The unusually large DpH in acid limes is a consequence of a vacuolar pH of 2.0, which has been determined by two separate and independent methods Burns 1988, Echeverria et al. 1992) . For oranges, a vacuolar pH of approximately 2.8 has been reported (Echeverria and Burns 1988) . A similar mechanism for citric acid accumulation into the vacuole had been previously proposed for tomato fruit pericarp cells (Oleski et al. 1987 ).
In plant cells, H + gradients across the tonoplast are established by the activity of two tonoplast-bound H
Introduction
Mature citrus juice cells are characterized by their high content of citric acid stored largely within the large central vacuole. Acid content, however, can vary drastically from less than 0.1% (5 mM) in some 'acidless' varieties to over 6% (315 mM) in others (Clements 1964 , Rasmussen 1964 , Sasson and Monselise 1977 . In most varieties, acid content peaks at around 4% early in stage 2 of development (Bain 1958) and declines thereafter, the rates of which depend on ambient temperature and other environmental conditions (Cancalon 1994 , Yamaki 1990 , Marsh et al. 1999 . By contrast, in high-acid varieties (such as lemon or acid lime), acidity steadily increases through fruit growth and expansion with only a slight or no reduction as fruit approaches maturity (Bogin and Wallace 1966, Yamaki 1990) or during cool storage (Sinclair 1984) .
Accumulation of citric acid into the vacuole of citrus juice cells is driven by the uncommonly large pH gradient (DpH) across the tonoplast (Brune et al. 1998) . A DpH between the metabolites (Leigh 1997) . Citrus V-ATPase has been studied in detail from lemon fruit (Mü ller et al. 1996 (Mü ller et al. , 1997 (Mü ller et al. , 1999 and in less detail from acid lime (Brune et al. 1998) , sweet lime (Echeverria et al. 1997 ) and acidless pummelo (Canel et al. 1995) . The work of Mü ller et al. (1996 Mü ller et al. ( , 1997 Mü ller et al. ( , 1999 established that acid lemon fruit V-ATPase possesses unique kinetic and biochemical characteristics that enable the formation of the observed large DpH. In addition, they observed that juice cell tonoplast is less permeable to H + when compared to tonoplast membranes from epicotyl tissue. This allows the maintenance of a steeper steady-state DpH in fruit tissue.
The alternative H + -pumping enzyme, the V-PPase Sanders 1987, Zhen et al. 1997) , has not been examined in citrus. Studies in other systems have confirmed that the V-PPase is present in parallel with V-ATPase and, under some circumstances and in specific tissues, may acquire a dominant role (Maeshima et al. 1994 , Carystinos et al. 1995 , Nakanishi and Maeshima 1998 . Calculations of the reversal potential of V-ATPase and V-PPase have suggested that, whereas V-ATPase can operate in a hydrolytic mode even for a pH difference between the cytoplasm and the vacuole of over 3.5 units, thermodynamic constraints will prevent the V-PPase from operating in the hydrolytic mode. In fact, under circumstances of large DpH, V-PPase will favor synthesis of PPi (Rea and Sanders 1987) . Synthesis of PPi by reversal of the tonoplast-bound V-PPase has been demonstrated in vesicles from Zea mays (Façanha and de Meis 1998) and in 'Valencia' orange .
Recently, based on total activity and developmental patterns, V-PPase was proposed as the principal proton pump in grape berries (Terrier et al. 1998) , which have a comparable acidity to sweet citrus fruits. Given that significant biochemical and kinetic differences in V-ATPase are present in lemons and that these properties are correlated to the capacity of hyper-acidification (Mü ller et al. 1996 (Mü ller et al. , 1997 (Mü ller et al. , 1999 , a study on the corresponding V-PPase in highly acid fruit is warranted. The objective of this work was to perform a comparative analysis of some kinetic and biochemical characteristics of V-PPase from citrus fruits differing considerably in their vacuolar acidity. Studies were performed with a very acid (acid lime, Citrus aurantifolia), a moderate-acid ('Valencia' orange, Citrus sinensis) and a low-acid (sweet lime, C. limmetioides) citrus varieties. The results demonstrate significant differences in H + -pumping capacity, activity ratio (V-ATPase:V-PPase), in addition to immunological differences among V-PPase from different varieties. The findings have implications to current knowledge of the storage and metabolism of acid in citrus vacuoles (Mü ller et al. 1999 , Sadka et al. 2000 .
Materials and methods

Plant material
Mature 'Valencia' oranges (C. sinensis [L.] Osbeck) and sweet limes (Citrus limmetioides) were collected from groves located at the Citrus Research and Education Center, Lake Alfred, FL, USA. Acid limes (C. aurantifolia) were collected from the Citrus Arboretum, Florida Department of Agriculture, Winter Haven, FL, USA. Fruit were taken into the laboratory and stored overnight at 4°C until the following morning.
Isolation of tonoplast vesicles
Tonoplast vesicles from sweet lime and 'Valencia' oranges were isolated on a discontinuous sucrose gradient following the procedure described for sweet limes (Echeverria et al. 1997) . For acid lime extraction, the buffer concentration was increased to 2 M MOPS (pH 8.5). The higher buffer concentration was necessary to maintain the pH of tissue extracts at around 7.5 (Brune et al. 1998) . In all instances, the extract was squeezed directly into the continuously stirred buffer media (pH 8.5) and the pH never allowed to drop below pH 6.5 using KOH. After isolation, tonoplast vesicles were stored at − 80°C until further use. Three membrane samples were prepared for each variety. All fruit were collected at an early stage of fruit maturity (approximately 2 -3 weeks before commercial harvest).
ATPase and V-PPase activity
V-ATPase activity in tonoplast fractions was determined by coupling the production of ADP to the oxidation of NADH at 340 nm using a pyruvic kinase/lactate dehydrogenase system (PK/LDH; Brune et al. 1998) . ATPase reaction solution contained 50 mM BTP/MES (pH 7.5), 4 mM dithiothreitol (DTT), 0.4 mg ml − 1 bovine serum albumin (BSA), 250 mM sorbitol, 50 mM KCl, 10 mM gramicidin, 4 mM ATP, 4 mM, MgSO 4 , 5 ml PK/LDH enzymes (Sigma P-0294, St. Louis, MO), 0.25 mg ml − 1 NADH, 1 mM phosphoenolpyruvate and approximately 100 mg vesicle protein in a total volume of 1.0 ml. ADP generated was calculated from the extinction coefficient of NAD (6.22) at 340 nm. All reactions were carried out at 30°C in a Shimadzu UV-160 (Kyoto, Japan).
For comparative analysis, both V-ATPase and V-PPase activities were measured colorimetrically following the production of free Pi. ATPase reactions contained 50 mM BTP/MES (pH 7.5), 4 mM DTT, 0.4 mg ml − 1 BSA, 250 mM sorbitol, 50 mM KCl, 10 mM gramicidin, 3 mM ATP, 4 mM MgSO 4 and approximately 50 mg vesicle protein in a total volume of 500 ml. V-PPase activity was measured in a solution similar to that of ATPase except 1 mM PPi was added instead. At given times, 50-ml aliquots were taken and Pi released was determined as described by Chifflet et al. (1988) .
Proton pumping
The formation of an acid interior DpH across the tonoplast was measured following the absorbance quenching of acridine orange (10 mM) at 495 nm (Palmgren 1990 ).
Immunological detection of V-PPase and V-ATPase
Sodium dodecyl sulfate gel electrophoresis was performed on slab gels containing 12.5% acrylamide and using the Laemmli buffer system (Laemmli 1970) . Proteins were trans- Physiol. Plant. 111, 2001 Table 1. ATPase activity in membrane samples collected from the 8/16% sucrose interface of a discontinuous sucrose gradient. All samples contained 10 mM gramicidin. Effectors added at the following concentrations: bafilomycin-A, 30 nM; NO 3 , 50 mM; vanadate, 100 mM; azide 2 mM. Values are the mean of 3 experiments 9 SD. Activity given in nmol mg −1 protein min ferred to a cellulose nitrate membrane and immunostained with a polyclonal antibody raised against the purified VPPase protein from mung bean (Maeshima and Yoshida 1989) , a peptide corresponding to the catalytic site of VPPase from mung bean (Takasu et al. 1997) , and to subunit B (57 kDa) of the V-ATPase from mung bean (MatsuuraEndo et al. 1990 ). Antibodies were a gift from Dr. M. Maeshima.
Protein determination
Protein was determined as described by Bradford (1976) (Coomassie-Plus, Pierce 23238T). Table 1 presents a comparison of V-ATPase activities from 3 citrus cultivars (differing in their vacuolar pH) in the presence of established endomembrane ATPase inhibitors. The inhibition profiles of acid lime (Brune et al. 1998 ) and sweet lime (Echeverria et al. 1997 ) have been reported elsewhere, and new data is presented here only as a comparative tool. Response to inhibitors by tonoplast membranes from both lime cultivars were consistent with previous results. Membranes isolated from sweet lime (Echeverria et al. 1997) showed the classical pattern of inhibition Sanders 1987, Lü ttge and Ratajczak 1997) , whereas those of acid lime (Brune et al. 1998) were strongly inhibited by vanadate, but weakly sensitive to bafilomycin-A and nitrate (Table 1; Mü ller et al. 1996) . V-ATPase from 'Valencia' orange displayed characteristics that closely resembled those of acid lime (Brune et al. 1998 ) and lemon fruit (Mü ller et al. 1996) . The H + pump was strongly inhibited by vanadate and was mostly insensitive to bafilomycin-A and nitrate. All samples were virtually free from mitochondrial contamination as evidenced by the lack of inhibition by 2 mM azide (Table 1) .
Results
Assessment of tonoplast fractions
Based on membrane protein, both the acid and acidless lime tonoplast had significantly higher V-ATPase activity than 'Valencia'orange (Table 1) . Previous workers have also found appreciable V-ATPase activity in low-acid, high-vacuolar-pH citrus varieties (Canel et al. 1995 , Echeverria et al. 1997 . Inclusion of 0.02% Triton X-100 in the ATPase reaction mixture indicated a 20 -30% latent activity (Table  1) . These results indicate that the tonoplast vesicles were predominantly right-side-out. The above data confirm the integrity of the tonoplast vesicles and demonstrate their usefulness for further evaluation.
V-PPase activity in tonoplast-enriched membranes
V-PPase activity in tonoplast membranes from the 3 varieties ranged from approximately 47 nmol mg − 1 protein min − 1 in acid lime to 132 nmol mg − 1 protein min
'Valencia' orange to over 335 nmol mg − 1 protein min − 1 in sweet lime (Table 2 ) when tested at 1 mM PPi. It is noteworthy that sweet lime, the very low-acid variety, had the highest V-PPase activity. Total V-PPase activity was intermediate in 'Valencia' orange and lowest in acid lime samples. Due to the very low V-PPase activity in acid limes, the ratio (V-ATPase/V-PPase) was considerably higher than in the two other varieties. Direct comparison, however, may not be an accurate measurement of total H + -pumping capacity, since it has been demonstrated that lemon fruit V-ATPase is kinetically and biochemically different from V-ATPase isolated from that of lemon epicotyl (Mü ller et al. 1996 (Mü ller et al. , 1997 and possibly that of other citrus fruit.
H + -translocating capacity of V-PPase and V-ATPase
A comparison of the H + -pumping capacity of V-PPase and V-ATPase from the 3 citrus varieties was assessed by following the changes in the absorbance of acridine orange (Fig.  1) . All determinations were conducted using equal V-PPase and V-ATPase activities as measured by product (Pi) forma- (Schmidt and Briskin 1993) . Davies (1997) , however, discussed the probability that the coupling ratio would vary between 1 and 3 for ATPase depending on cytosolic pH and that the coupling ratio for the PPase could be as high as 2. Our results for the rate of change in pH at similar V-ATPase activity are consistent with a differential stoichiometry for proton pumping in sweet lime, 'Valencia' orange and acid lime, as demonstrated for lemon fruit V-ATPase (Mü ller et al. 1999) .
In the presence of PPi, H + pumping by the V-PPase was quite distinctive for each of the 3 cultivars. Although the magnitude of the proton gradient generated in the presence of PPi was comparable to that formed with ATP in sweet lime and 'Valencia' orange tonoplast samples, the rates of DpH formation were different (Fig. 1) . Sweet lime V-PPase required approximately twice longer to reach a steady state when compared to ATPase. In samples from 'Valencia' orange, the establishment of the steady state with ATP and PPi took equal time. Surprisingly, acid lime tonoplast samples were not able to generate a DpH with Ppi, although the rate of PPi hydrolysis (measured as product formation) was similar to that of 'Valencia' orange and sweet lime (Fig. 1C) .
Providing both PPi and ATP as substrate confirmed that the two enzymes could work in conjunction, but under the present circumstances would ultimately reach the same pH difference (Fig. 1A,B ). It appears that, due to the large surface area/volume ratio of the vesicles, the final DpH established in these two varieties is determined by the H + concentration at which the rate of proton pumping is balanced by the relatively elevated rates of proton leakage from the tonoplast vesicles. This was demonstrated in sweet lime samples by an experiment in which absorbance was monitored until the substrate (ATP) was fully utilized, leakage demonstrated and PPi added (Fig. 2) at which the same final DpH was attained. Fig. 2 . Formation of DpH in tonoplast vesicles from sweet lime in the presence of 4 mM ATP. After all ATP was utilized, vesicles were allowed to reach a new equilibrium at which point PPi was added at 1 mM. The DpH was restored to the ATP levels. Initial PPase activity was of 14 nmol PPi hydrolyzed min − 1 .
tion. With ATP as substrate, steady-state DpHs were established at similar rates in tonoplasts from both 'Valencia' oranges and sweet limes (Fig. 1A,B) , whereas vesicles from acid limes took longer to reach a steady-state DpH (Fig.  1C) . This was probably due to a differential coupling ratio in acid lime V-ATPase, which is necessary to reach the Physiol. Plant. 111, 2001 Fig. 3. Western blot analysis of tonoplast vesicles isolated at the 8/16% sucrose interface in membrane extracts from sweet limes (SL), acid limes (AL), 'Valencia' orange (VO) and red beet hypocotyl (RB) using different polyclonal antibodies. (A) Western blot with polyclonal antibodies against a peptide corresponding to the catalytic site of V-PPase of mung bean (Takasu et al. 1997) . (B) Western blot with polyclonal antibodies against the purified mung bean V-PPase (Maeshima and Yoshida 1989) .
Immunorecognition of vacuolar proteins
Polyclonal antibodies raised against a peptide corresponding to the catalytic site of V-PPase from mung bean (Takasu et al. 1997 ) cross-reacted with tonoplast samples from all 3 citrus varieties, in addition to a control sample from red beet (Fig. 3A) . These results indicate that the peptide sequence considered as the substrate-binding site is a common motif to all. This common motif seems to be maintained across varieties as previously shown by Maeshima et al. (1994) with different species. Antibodies to the purified V-PPase protein (Maeshima and Yoshida 1989) assayed at equal protein and at equal V-PPase activity gave very contrasting results (Fig. 3B) . 'Valencia' orange and sweet lime tonoplast samples showed marked cross-reactivity to the antibody. By contrast, there was no recognition in the acid lime samples. Even when sampled at equal activity, there was no recognition of the V-PPase from acid limes (Fig. 3B) . The intensity of staining between sweet lime and 'Valencia' orange, however, was very different and consistent with the V-PPase activity from respective samples (Table 2, Fig. 3B ). The apparent molecular masses of the V-PPase from the two tissues identified (73 kDa; Fig. 3A ,B) were similar to that of mung bean (approximately 70 kDa).
The lack of recognition by the antibody to samples from acid lime appears to highlight a difference in the protein sequence that may correspond to the pronounced effect on the proton-pumping capacity of the vacuolar V-PPase. Structural differences in H + pumps (as determined by immunorecognition) have been detailed for V-ATPase from hyper-acidic and non-acidic tissues (Mü ller et al. 1997) , and in Fig. 4 with antibodies against subunit B of mung bean. An antibody to subunit B (57 kDa) of V-ATPase from mung bean (Matsuura-Endo et al. 1990) showed distinct reactivity to a similarly sized protein in vesicles from sweet lime and red beet, but much less reaction to samples from 'Valencia' orange or acid lime (Fig. 4) . The immunoreaction of the V-ATPase antibody seems to be identifying some sequence difference in the acid lime and 'Valencia', which, to some extent, may reflect in the characterization of the membranes with different inhibitors (Table 1) .
Based on previous work by Takasu et al. (1997) , we pre-incubated tonoplast vesicles from acid lime and sweet lime with the antibodies against the peptide corresponding to the catalytic site of the V-PPase prior to measuring its activity. The presence of the antibody had no effect on V-PPase activity measured by the phosphohydrolysis reaction. By contrast, incubation of sweet lime vesicles with the same amounts of antibody protein had a small but measurable effect on proton translocation into the vacuole (Fig. 5) . The effect was determined based on the difference between initial and final absorbance. Takasu et al. (1997) showed that the antibody to mung bean inhibited both phosphohydrolysis and proton translocation in mung bean samples. Our results at a lower protein level indicate that the proton translocation site is more sensitive to the peptide antibody than the substrate hydrolytic site.
Effect of PPi concentration on PPase activity
Dependence on PPi concentration by V-PPase from each of 3 varieties investigated is shown in Fig. 6 . Mg concentration in all samples was maintained at 5 mM to ensure proper levels of PPi/Mg, which is the physiological substrate. Double reciprocal (Lineweaver-Burk) plots indicate that PPi substrate affinity in the hydrolytic mode was inversely proportional to vacuolar acidity (Fig. 6) . K m for sweet lime was approximately 10.7 mM, whereas those from 'Valencia' orange and acid lime were of 14.0 mM and 20.6 mM, respectively. These values are similar to those reported for Vicia faba guard cell (Darley et al. 1998 ) and red beet PPase (Sarafian and Poole 1989), which range from 2.5 to 300 mM.
Discussion
In this communication, we present evidence indicating the existence of significant kinetic and biochemical differences in V-PPase of highly acidic citrus fruits when compared to the less acidic 'Valencia' oranges and the 'acidless' sweet lime. Such results parallel those reported by Mü ller et al. (1996 Mü ller et al. ( , 1997 Mü ller et al. ( , 1999 for V-ATPase from acid lemon when compared to the less acidic hypocotyl tissue. The differences presented here for V-PPase could not have been the result of acid denaturing during tonoplast isolation, since samples from acid limes (the most acidic fruit), contained substantially higher ATPase activity than the remaining two varieties (Table 1 ). In addition, the fruit extracts were added directly into the highly buffered medium and the pH never allowed to drop below 6.5.
The most notable difference in this study was the inability of V-PPase from acid lime to generate a DpH (Fig. 1C ) despite significant PPi hydrolysis (Table 2 ). This was in sharp contrast to the V-PPase from sweet lime (with a vacuolar pH of approximately 5.0), which generated a DpH of similar magnitude to that formed in the presence of ATP (Fig. 1A) . V-PPase from 'Valencia' orange was also capable of establishing a proton gradient of similar magnitude to that established by V-ATPase (Fig. 1B) . It is worth noting that the lack of DpH formation in acid lime vesicles was not due to higher rates of H + leakiness, since tonoplast vesicle samples from acid limes are virtually impermeable to protons, whereas those from sweet limes exhibit a high degree of H + leakiness, as previously demonstrated (Echeverria et al. 1997) . In addition, a DpH was formed with ATP as substrate. Tonoplast vesicles from 'Valencia' oranges have an intermediate leakage rate (data not published). Therefore, the lack of a DpH formation by acid lime tonoplast samples is likely due to a structural inability to pump H + and not to a leaky membrane. The observation that the time to reach equilibrium in the presence of ATP was faster for the most leaky membranes (i.e., sweet lime) and slowest for the H + impermeable ones (i.e., acid lime) supports the concept of a differential stoichiometry of V-ATPase in different citrus varieties with distinctive vacuolar pHs (Mü ller et al. 1997) .
A second difference was the lack of immunorecognition of the acid lime V-PPase by antibodies raised against purified V-PPase from mung bean (Fig. 3) . The lack of recognition was evident even at triple the protein concentration (data not shown). The antibody recognized V-PPase from sweet lime and 'Valencia' orange, as well as a control sample from red beet. In contrast, antibodies raised against a peptide corresponding to the catalytic site of V-PPase recognized samples from all 3 varieties. The recognition of the acid lime V-PPase catalytic site is in agreement with the ability of the protein to hydrolyze PPi (Table 1) . However, it appears to lack the ability to pump H + (Fig. 1C) . Taken together, these two differences at the protein level appear to indicate structural differences in the V-PPase H + channel when comparing acid limes to sweet limes and 'Valencia' oranges.
The distinguishing characteristics of V-PPase reported here for citrus fruits differing in vacuolar acidity, and those of V-ATPase reported elsewhere (Mü ller et al. 1996 (Mü ller et al. , 1997 (Mü ller et al. , 1999 , are consistent with our understanding of changes in vacuolar acidity during citrus fruit development. According to Mü ller et al. (1996 Mü ller et al. ( , 1997 , hyper-acidification in lemon fruit is a function of the vanadate-sensitive V-ATPase. 'Valencia' oranges and acid limes hyper-acidify their vacuoles to pHs of 2.8 and 2.0, respectively, and in both cases, a distinctive V-ATPase is present at the tonoplast. In contrast, for sweet limes (with a vacuolar pH of 5.0 and very little Physiol. Plant. 111, 2001 citric acid content), an epicotyl-type of V-ATPase is present as in other non-hyper-acid tissues (Maeshima et al. 1994) . A functional V-PPase can also contribute to the establishment of the small DpH observed in sweet limes. Considering a cytosolic PPi concentration of 200 mM, the apparent K m values for the 3 varieties suggest all 3 varieties should be capable of functioning in the hydrolytic mode and assisting in the formation of a DpH.
Vacuolar pH has been observed to increase and the level of citrate decline during fruit maturation in sweet citrus varieties (Murata 1977 , Cancalon 1994 . The reduction in vacuolar citrate in sweet varieties during fruit maturation is paralleled by a loss of protons, since the pH increases accordingly. Strong support for the lack of involvement of V-PPase in the acidification is offered by the high negative correlation between V-PPase activity and fruit acidity in the 3 varieties studied here. In addition, we have demonstrated that the functional V-PPase in 'Valencia' oranges does not contribute to the establishment of the DpH, but is involved in energy recovery by synthesizing PPi during the decline in fruit acidity . Synthesis of PPi by 'Valencia' tonoplast vesicles with an imposed DpH of 3.5 units was also demonstrated. This suggests that the V-PPase, which has a lower DG for reversal than V-ATPase, would be utilized to conserve energy during the process of deacidification. In acid limes, citric acid concentration continues to accumulate even after harvest and acidity does not appear to decline with fruit maturity. In this respect, a V-PPase would be ineffective due to its thermodynamic inability to pump H + and to the lack of function in deacidification. Therefore, the structural differences highlighted by antibody and proton-pumping reactions presented here may reflect evolutionary adaptations related to its reduced function under such circumstances.
In maturing citrus fruits, V-PPase is essentially an unloading enzyme-utilizing stored energy (protons) for the production of PPi. Pyrophosphate levels are under strong metabolic control in the cytosol, and PPi generated would be utilized by enzymes, such as PPi-dependant phosphofructukinase (PFP) in the glycolysis pathway, by UDP-glucose pyrophosphorylase or by cyclic reactions that produce ATP (Black et al. 1987 , Weiner et al. 1987 , Stitt 1990 ), which increase under anaerobic stress. By contrast, the protonpumping V-ATPase is essentially an enzyme involved in the generation of DmH + , which energizes sugar and acid accumulation earlier in development. The patterns of activities of V-PPase , V-ATPase (Takanokura et al. 1998 ) and of enzymes dependent on PPi are in agreement with our understanding of acid, sugar accumulation and vacuolar pH changes during the development and maturation of citrus fruits.
